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VAPORIZATION DYNAMICS OF 
INITIALLY STATIC SUPERHEATED SODIUM 

by 

Ralph M. Singer and Robert E. Holtz 

ABSTRACT 

Measurements of the patterns of vapor growth resul t 
ing during the transient boiling of initially static, nonuni-
formly superheated sodium in a vertical channel are p re -
sentedand discussed. It is demonstrated that the single-slug 
vapor -growth model (in which the entire channel cross section 
is filled with vapor, except for a thin liquid film on the walls) 
may not be valid when the liquid temperature gradient nor
mal to the channel axis is large and asymmetr ic , and/or the 
incipient boiling superheat is small . Under certain condi
tions, void fractions as low as 0.3 to 0.5 were observed. 
When the incipient superheat is large, the predictions of a 
simple vapor-slug-growth model compare favorably with the 
measured resu l t s . Experimental data on the vapor growth 
and collapse rates and the associated pressure transients 
a re presented for boiling pressures up to about 1 atm and 
superheats up to about 180°C. 

% 

I. INTRODUCTION 

An understanding of the vaporization dynamics of superheated sodium 
is of considerable importance in developing safety analyses of sodium-
cooled, fast breeder reactors (LMFBR's). In this situation, where boiling 
is generally undesirable, the calculation of the safe operating limits of a 
reactor or the extent of damage resulting from postulated accidents is 
partially dependent upon knowledge of the mechanism and rate at which 
sodium may vaporize. 

It is well-known that under normal circumstances liquids will boil 
when their t empera tures slightly exceed the saturation level with the r e 
sultant generation of a large number of relatively small vapor bubbles. 
However, under certain c i rcumstances (e.g., a heating surface highly wetted 
by the liquid, lack of nucleation s i tes , or rapid heating or depressurizat ion 
t ransients) , liquids can become superheated substantially above their normal 
boiling t empera tu res . When nucleation occurs under these conditions, the 



f irs t bubble that forms grows quite rapidly and increases the liquid p re s su re 
in its vicinity; this resul ts in a suppression of nucleation at other possible 
s i tes . This phenomenon has been observed in liquid alkali m e t a l s ' " ' as well 
as in nonmetallic fluids.*"" Fur thermore , if the liquid is in a channel (as 
opposed to a "pool"), the initially spherical vapor bubble will deform and 
grow primari ly in the direction of the channel axis. 

In these ear l ie r experiments, either uniform heat ing '" ' or de 
pressurization*"' ' of a liquid in a circular tube was used to cause super
heated boiling; these techniques resulted in either radially symmetr ic or 
radially uniform profiles of liquid temperature . As a result , the bubble 
that was formed was also radially symmetric and filled the entire tube cross 
section except for a thin liquid film remaining on the walls. Based on these 
resul t s , several theoretical models of vapor-slug growth in sodium were 
developed, incorporating the observed symmetries,^'^ However, the poss i 
bility of an asymmetr ic liquid temperature profile, causing the bubble to 
grow asymmetr ical ly , was not examined. Both symmetric and asymmetr ic 
growth will be examined in this paper. 

The patterns of vapor growth and growth rates in nonuniformly 
superheated sodium were measured at a variety of experimental conditions 
in the experimental apparatus described in Sect. II. Data are presented on 
the incipient boiling superheat of sodium in which an apparent heat-flux 
effect is discussed. 

II, EXPERIMENTAL APPAR.A.TUS 

The apparatus in which the vapor-growth and incipient-boiling 
measurements for sodiunn were made is shown in overall perspective in 
Fig. 1, Photographs of the vacuum vessel containing the test section and 
electron-beam gun are shown in Figs . 2 and 3; details of the measurement 
locations of the test section are sketched in Fig. 4. The sodium was con
tained in a vert ical tube, made of Type 304 stainless steel, the lower section 
having a rectangular c ross section, 9.5 x 25.4 mm, and a length of 500 mm; 
the upper section was a circular tube with an internal diameter of 17.5 mm. 
The cross-sect ional area of the rectangular section was 241.3 mm^, that of 
the tube being 240.5 mm^. The total length of the tube was 4.3 m. 

Low-power-density heaters along the length of the tube were used to 
establish and maintain a specified vertical temperature distribution, while 
an electron-bombardment heater was used to supply a large heat flux to a 
50- to 90-mm section of one side of the lower rectangular portion of the 
tube (the back side of this portion of the rectangular tube was unheated). 
This type of heating arrangement was employed to assure that nucleation 
would occur in an essentially predetermined region and to simulate the 
axial temperature profiles expected away from the center of an LMFBR 
subassembly. 



EXPULSION CHAMBER 

VACUUM PUMP 

Fig. 1. Pictorial View of Apparatus for Studying Sodium Vapor 
Growth. ANLNeg. No. 112-7827A. 



Fig. 2. Photograph of Vacuum Chamber Showing Housing for Electron-
beam Gun and Test Section. ANL Neg No. 113-3000. 
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Fig. 3. Closeup Photograph of Test Section. 
ANL Neg No. 113-3003. 

Fig. 4. Details of Measurement Locations on 
Test Section. ANL Neg. No. 113-3234. 
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Tempera tures were measured using 1.6-mm-diameter, Inconel-
sheathed, Chromel/Alumel thermocouples immersed in the sodium and 
imbedded in the tube wall. The pressure of the upper argon gas blanket 
was measured by a precision Bourdon-type pressure gauge, while the 
liquid p ressu re in the high heat-flux region was measured by a special, 
fas t - response (~4 kHz) strain-gauge type of t ransducer mounted in a standoff 
for temperature protection. The position of the liquid-vapor (bubble) 
interface was detected by passing a lower-power, constant direct electr ical 
current through the tube wall and sodium, and measuring the electr ical 
potential at various locations along the length of tube. The displacement 
of the top of the liquid column (liquid-gas interface) above the growing 
vapor slug was measured by the use of specially designed, eddy-current 
type of coils (see Fig. 5). A high-frequency signal was sent to each of the 
driver coils , and an induced signal was then detected in each pickup coil; 
the magnitude of this induced signal is directly related to the electr ical 
conductivity of the mater ia l between the driver and pickup coils. Thus, 
spacing the coils sufficiently far apart to avoid any extraneous intercoil 
pickup allowed a direct indication of the position of the upper liquid-gas 
interface as it passed through each coil field. The coils were located at 
intervals of 76 mm along the upper length of the expulsion tube. Analysis 
of the type of signal induced as the liquid entered and left the field of a 
coil indicated a precision of approximately ±5 mm in the transient location 
of the liquid interface. Calibration tests indicated that the response of 
these coils was greater than 1 kHz. 

PICK-UP COILS 1 

LATION AND SUPPORT 

DRIVEN COILS (3) 

Fig. 5. Schematic of Liquid-level Detector. ANL Neg. No. 112-9472, 



A typical experiment was conducted in the following manner: (1) *• 
gas-blanket pressure was set at some level, (2) the low-power-density 
heaters were then used to establish a prescr ibed vert ical temperature 
distribution, and (3) the electron-bombardment heater was then turned on 
and maintained at a constant power until either steady or quasi-s teady 
boiling was observed. The system would then be allowed to cool down and 
a new test initiated. All data were continuously recorded on either osci l 
lographs or s t r ip-char t ins t ruments . 

m . EXPERIMENTAL RESULTS 

A. Patterns of Vapor Growth 

Since direct visual observations of the boiling liquid could not be 
made, the patterns of vapor growth were inferred from indirect m e a s 
urements . The two measurements that were pr imar i ly used for this 
purpose were (i) the total displacement of the liquid column and (ii) the 
axial motion of the liquid-vapor (bubble) interface. The measurements of 
the electr ical potential along length of the tube prior to and during vapor 
growth indicated that the flow regime was most likely that of a single 
vapor bubble expanding against the liquid column for incipient-boiling 
bulk-liquid superheats greater than about 10°C. However, these m e a s 
urements could not distinguish between a single bubble and region of a high 
void fraction (i.e., bubbly flow) if, in both cases , the walls remained wet. 

The nominal (or average) void fraction could be calculated by noting 
that the total volume of vapor formed equals the product of the column 
displacement and the channel c ross -sec t iona l a rea . Thus, the void fraction 

averaged over the length of the bubble, a, is 
just the column displacement divided by the 
bubble length. If the vapor formed is that of 
a single bubble, then the equivalent liquid-film 
thickness corresponding to a is just 

6 = J-fc - Jt^ - 16A(1 - a)l. (1) 

AVERAGE VOID FRACTION , a 

Fig. 6. Relationship between the Aver
age Void Fraction and the 
Liquid-film Thickness. 
ANL Neg. No. 900-136. 

T h i s r e l a t i o n s h i p b e t w e e n a and 6 i s i l l u s t r a t e d 
in F i g . 6 for the t e s t s e c t i o n u s e d in the 
p r e s e n t s t u d i e s . 

M e a s u r e m e n t s of the s o d i u m - c o l u m n 
d i s p l a c e m e n t and the c o r r e s p o n d i n g v a p o r -
slug l eng th for a typ ica l t e s t a r e p r e s e n t e d 
in F i g . 7. The s lug l eng th is s e e n to e x c e e d 
the c o l u m n d i s p l a c e m e n t a l m o s t i m m e d i a t e l y 
a f te r nuc l ea t i on , ind ica t ing tha t the v a p o r s lug 
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ANL Neg. No. 113-3200 Rev. 2. 

does not f i l l the channe l c r o s s s e c t i o n . The 
u n c e r t a i n t i e s in the t i m e c o o r d i n a t e i n d i c a t e d 
in F i g . 7 a r i s e f r o m the diff iculty in d e t e r 
m i n i n g the p r e c i s e i n s t a n t of n u c l e a t i o n , 
wh ich r e s u l t s in s o m e e r r o r in r e l a t i n g the 
t r a n s i e n t bubble l eng th and c o l u m n d i s 
p l a c e m e n t to the s a m e t i m e s c a l e . The 
c r i t e r i o n c h o s e n in th i s w o r k for the i n 
cep t i on of vapo r g rowth ( i . e . , nuc lea t ion ) 
w a s the i n s t a n t a t wh ich the l iqu id p r e s s u r e 
s t a r t e d to i n c r e a s e . At l a r g e i nc ip i en t 
s u p e r h e a t s ( i . e . , AT-̂ -̂ ^ 100°C), the 
p r e s s u r e r i s e w a s r e l a t i v e l y a b r u p t a t 
n u c l e a t i o n , r e s u l t i n g in an e r r o r in the d e 
t e r m i n a t i o n of z e r o t i m e of about ±1 to 
+2 m s e c . H o w e v e r , a t s m a l l e r s u p e r h e a t s 
( i . e . , ATiif S 5 0 ° C ) , the in i t i a l p r e s s u r e r i s e 
w a s m o r e g r a d u a l , r e s u l t i n g in an e r r o r in 
the z e r o - t i m e loca t i on of ±5 to ±8 m s e c . 

U n f o r t u n a t e l y , the c a l c u l a t i o n of the a v e r a g e void f r ac t i o n f r o m the 
b u b b l e - l e n g t h and c o l u m n - d i s p l a c e m e n t da t a i s e x t r e m e l y s e n s i t i v e to 
t h e s e e r r o r s in t i rne . As an i l l u s t r a t i o n of th i s s e n s i t i v i t y , the a v e r a g e 
void f r a c t i o n a s c a l c u l a t e d f r o m the da ta of F i g . 7 wi th the i nd i ca t ed e r r o r 
in the r e l a t i v e z e r o t i m e of ±5 m s e c i s shown in F i g . 8. The c i r c l e s 
i nd i ca t e the m e a n va lue of a and the b a r s i n 
d i ca t e the p o s s i b l e r a n g e of a b a s e d on the 
± 5 - m s e c e r r o r . B e c a u s e of th i s l a r g e u n c e r -
ta in ty in t h e s e c a l c u l a t i o n s , i t i s difficult t o ' 
d r a w a n y h a r d and f a s t c o n c l u s i o n s , i . e . , i t i s 
not r e a l l y c l e a r w h e t h e r o r not the bubble i n i 
t i a l ly f i l led the channe l u n d e r t h e s e p a r t i c u l a r 
c o n d i t i o n s . H o w e v e r , it does s e e m c l e a r tha t 
a s the bubble g r o w s l a r g e r , the void f r ac t i on 
d e c r e a s e s , i nd i ca t i ng tha t the bubble does not 
con t inua l ly fill the channe l a s i t g r o w s ax i a l l y . 
T h i s , of c o u r s e , i s due in p a r t to a d i m i n i s h e d 
v a p o r - g r o w t h r a t e (and u l t i m a t e l y c o n d e n s a 
t ion) a s the bubble g r o w s out of the h i g h - h e a t -
flux zone into c o o l e r s u r r o u n d i n g s . 
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Fig. 8. Variation of Average Void 
Fraction with Slug Length. 
ANL Neg. No. 900-137. 



+ 1 to ± 8 - m s e c u n c e r t a i n t y in the z e r o -
t i m e loca t i on (the u n c e r t a i n t y being a 
function of AT-\y. a s p r e v i o u s l y d i s 
c u s s e d ) i s c l e a r l y ev iden t . B e c a u s e 
of the p o s s i b l e r a n g e of v a l u e s of a , a 
def in i t ive c o n c l u s i o n a s to w h e t h e r o r 
not the bubble a c t u a l l y f i l l s the c h a n n e l 
is f r augh t wi th p i t f a l l s . If the a v e r a g e 
v a l u e s of a f r o m e a c h r u n a r e u s e d , i t 
m a y be conc luded tha t the bubble does 
not fil l the channe l c r o s s s e c t i o n for 
i n c i p i e n t wa l l s u p e r h e a t s l e s s than 
about 100°C u n d e r the c o n d i t i o n s of an 
a x i s y m m e t r i c t e m p e r a t u r e g r a d i e n t of 
about 4 ° C / m m . H o w e v e r , the upper 
l i m i t s of a i n d i c a t e tha t the c r o s s 

s ec t i on m a y pos s ib ly be f i l led wi th v a p o r for s u p e r h e a t s a s low a s 40°C. 
But , in g e n e r a l , i t does a p p e a r tha t a s the i nc ip i en t s u p e r h e a t i s r e d u c e d , 
the a v e r a g e void f r ac t ion tends to b e c o m e s m a l l e r , i nd i ca t i ng tha t the 
vapor bubble does not fil l the channe l c r o s s s e c t i o n . 

-
1 ITi'^ 

Ts= 854 "C 

q^= 67 1 W/cm2 

Lo= 940 mm 

L,= 74mm 

1 1 

-

Fig. 9. 

INCIPIENT BOILING SUPERHEAT (AT^I.-C 

Variation of Average Void Fraction with 
Superheat. ANL Neg. No. 900-363. 

T h i s c o n c l u s i o n is r e i n f o r c e d by the f u r t h e r o b s e r v a t i o n tha t for 
inc ip ien t wal l s u p e r h e a t s l e s s than about 10°C wi th wal l h e a t f luxes f r o m 
55 to 290 w / c m ^ , no vapo r s lug w a s f o r m e d (as i n d i c a t e d by the vo l t age 
t a p s ) , and the s o d i u m went d i r e c t l y into s t a b l e n u c l e a t e b o i l i n g . In the 
h i g h e r r a n g e s of h e a t flux ( g r e a t e r than about 200 W / c m ^ ) , s u b c o o l e d 
boi l ing was f r equen t ly o b s e r v e d . 

The i m p l i c a t i o n of th is i n t e r p r e t a t i o n of the da ta i s t ha t the " th in -
f i lm" s y m m e t r i c v a p o r - s l u g m o d e l s of R e f s . 7 and 8 m a y not app ly a t low 
inc ip ien t s u p e r h e a t s ( i . e . , l e s s than abou t 20-50°C) when an a s y m m e t r i c 
t e m p e r a t u r e prof i le i s p r e s e n t , b e c a u s e of the a s y m m e t r i c t h e r m a l c o n d i 
t ions ex i s t ing a r o u n d the c i r c u m f e r e n c e of the v a p o r s lug . If the t e m p e r a 
t u r e prof i le i s suff ic ient ly a s y m m e t r i c , i . e . , the t e m p e r a t u r e g r a d i e n t 
suff ic ient ly l a r g e , v a p o r i z a t i o n and c o n d e n s a t i o n c a n p o s s i b l y o c c u r a t 
oppos i t e f ace s of a v a p o r bubble and i t s ne t g r o w t h r a t e wi l l be obv ious ly 
affected. Th i s phenomenon is m o s t v iv id ly a p p a r e n t in s u b c o o l e d bo i l i ng , 
which w a s f r equen t ly o b s e r v e d a t the l a r g e r h e a t f luxes ( i . e . , a t l a r g e r 
t e m p e r a t u r e g r a d i e n t s ) . 

B . V a p o r i z a t i o n D y n a m i c s 

As d e s c r i b e d in the p r e v i o u s s e c t i o n , the v a p o r - g r o w t h p a t t e r n w a s 
m o s t l ike ly tha t of a s ing le bubble tha t f i l led 40% to e s s e n t i a l l y 100% of 
the channe l c r o s s s e c t i o n , depending upon the i n c i p i e n t - b o i l i n g s u p e r h e a t 
and the t e m p e r a t u r e g r a d i e n t in the l iqu id . In th i s s e c t i o n , the v a p o r i z a t i o n 
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dynamics of the vapor slug will be discussed, and its dependence upon the 
superheat and saturation conditions delineated. 

In the tests reported herein, the temperature of the liquid sodiunn 
far from the high-heat-flux zone was always maintained at approximately 
550''C (in order to simulate fast breeder reactor conditions), resulting in 
a large axial temperature gradient at incipient boiling. Only the liquid in 
and near the high-heat-flux region was superheated; the liquid above and 
below was subcooled, as i l lustrated by typical temperature profiles at the 
instant of boiling in F igs . 16-22. The result of this temperature gradient 
was to cause an ultimate collapse (condensation) of the vapor slug as it 
grew into the cooler regions of the channel. This vapor collapse resulted 
in rather large p ressure shocks that are discussed in a later section. 

Measurements of the liquid-column displacement caused by the 
vapor-slug growth and collapse for several saturation temperatures and 
a variety of incipient bulk superheats are shown in Figs . 10 through 15. 
The maximum displacement and growth rate of the vapor slug clearly in
crease as the incipient bulk-liquid superheat increases . Also shown in 
Figs . 12, 13, and 15 a re secondary vaporizations following the collapse of 
the initial vapor slug; this second-growth phenomenon occurred somewhat 
sporadically and was not nearly as reproducible as the initial growth 
behavior. 
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At l a r g e i n c i p i e n t - b o i l i n g s u p e r h e a t s , the v a p o r s lug h a s been shown 
to e s s e n t i a l l y fill the channe l c r o s s s e c t i o n ; t h u s , a s i m p l e m o d e l of vapor 
g rowth (as d e s c r i b e d in Append ix A) b a s e d upon the i n e r t i a of the l iquid 
c o l u m n and a s s u m i n g tha t v a p o r i z a t i o n o c c u r s only in the h i g h - h e a t flux 
r eg ion m a y be e x p e c t e d to a g r e e r e a s o n a b l y wel l wi th the m e a s u r e m e n t s . 
The c o m p a r i s o n of the p r e d i c t e d and m e a s u r e d c o l u m n d i s p l a c e m e n t s a r e 
shown in F i g s . 16 t h r o u g h 22 for s e v e r a l s a t u r a t i o n t e m p e r a t u r e s and wal l 
hea t f l u x e s . As would be e x p e c t e d , the m o d e l fa i l s to p r e d i c t the behav io r 
at s m a l l i nc ip i en t b u l k - l i q u i d s u p e r h e a t s b e c a u s e of the a p p a r e n t nonfil l ing 
of the channe l wi th v a p o r . The i n e r t i a - l i m i t e d m o d e l wi th a c o n s t a n t d r iv ing 
p r e s s u r e b a s e d upon the b u l k - l i q u i d s u p e r h e a t ( s e e E q . 8 in Appendix A) is 
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Fig. 16. Comparison of Column-displacement 
Data with Model for AT^ = ei^C. 
ANL Neg. No. 113-2794 Rev. 3. 

Fig. 17. Comparison of Column-
displacement Data with Model 
for ATL = 93OC. ANL Neg. 
No. 113-2795 Rev. 2. 
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ANL Neg. No. 113-2802 Rev. 2. 

Fig. 19. Comparison of Column-displacement 
Data with Model for ATL = 169*^C. 
ANL Neg. No. 113-2798 Rev. 3. 
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Fig. 21. Comparison of Column-
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for ATL = 173°C. ANL Neg. 
No. 113-2799 Rev. 2. 
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c h a n n e l . ' As i l l u s t r a t e d in F i g . 26, the p r e s s u r e would in i t i a l ly r i s e to a 
m a x i m u m d u r i n g the v a p o r g r o w t h and then g r a d u a l l y d r o p to a l eve l c o n 
s i d e r a b l y be low tha t of the u p p e r g a s - b l a n k e t p r e s s u r e dur ing v ap o r con 
d e n s a t i o n . When the uppe r l iqu id c o l u m n u l t i m a t e l y i m p a c t e d wi th the l o w e r 
c o l u m n fol lowing c o l l a p s e of the s l ug , a v e r y s h a r p r i s e in p r e s s u r e r e 
su l t ed . The r i s e t i m e of the in i t i a l p r e s s u r e i n c r e a s e was typ ica l ly 
10-40 m s e c , whi le tha t of the i m p a c t p r e s s u r e was about 0.1 to 0.3 m s e c . 
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Neg. No. 113-3238. 

Fig. 24. Variation of Maximum Growth 
Rate of Vapor Slug with Super
heat at Tg = 727°C. ANL 
Neg. No. 113-3227. 
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Fig. 26. Typical Pressure Transients during 
Vapor Growth and Collapse. 
ANL Neg. No. 900-139. 

An e x a m i n a t i o n of the in i t i a l p r e s s u r e r i s e s in F i g . Z6 i n d i c a t e s a 
p o s s i b l e s e l f - p r e s s u r i z a t i o n effect s h o r t l y a f te r the f i r s t p r e s s u r e peak . 
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T h i s phenomenon was p r e d i c t e d in the a n a l y s e s in R e f s . 7 and 8, and i s 
c a u s e d by a bui ldup of the v a p o r p r e s s u r e by con t inued v a p o r i z a t i o n a t 
h ighe r and h ighe r t e m p e r a t u r e s a t a f a s t e r r a t e than the v a p o r s lug c a n 
expand. The m e a s u r e m e n t s i nd i ca t e tha t the ex ten t of the s e l f - p r e s s u r i z a t i o n 
of the vapo r slug i n c r e a s e s at l a r g e r s u p e r h e a t s and, in fac t , does not o c c u r 
at low s u p e r h e a t s . 

VAPOR PRESSURE 
CORRES, TO WALL 

SUPERHEAT 

INCIPIENT BOILING SUPERHEAT (ATy,). *C 

Fig. 27. Variation of Vapor-growth Pressure 
Rise with Superheat for Tg = 681°C. 
ANL Neg. No. 113-3231 Rev. 1. 

S ince the i n i t i a l p r e s s u r e r i s e i s 
c a u s e d by the r a p i d v a p o r i z a t i o n of the 
s u p e r h e a t e d l iqu id , the m a x i m u m va lue of 
th is p r e s s u r e would be e x p e c t e d to be l i m 
i ted by the v a p o r p r e s s u r e c o r r e s p o n d i n g 
to the s u p e r h e a t . T h i s w a s , in fac t , the 
c a s e in a l l of the t e s t s s u m m a r i z e d in 
th i s p a p e r , and the m a x i m u m m e a s u r e d 
p r e s s u r e r i s e above a m b i e n t i s c o m p a r e d 
to that c a l c u l a t e d f r o m the s u p e r h e a t e d -
l iqu id v a p o r p r e s s u r e in F i g s . 2 7 - 2 9 . The 
i n d i c a t e d a g r e e m e n t i s m o s t l y wi th in the 
e s t i m a t e d e x p e r i m e n t a l a c c u r a c y of the 
p r e s s u r e m e a s u r e m e n t s (±0.1 b a r ) . 
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Fig. 28. Variation of Vapor-growth Pressure 
Rise with Superheat for T3 = 727°C. 
ANL Neg. No. 113-3233 Rev. 1. 

Fig. 29. Variation of Vapor-growth Pressure Rise 
with Superheat for Tg = 8S1°C. ANL 
Neg. No. 113-3232 Rev. 1. 

A s i n d i c a t e d in Append ix B , the m a g n i t u d e of the p r e s s u r e r i s e 
due to v a p o r c o l l a p s e i s e x p e c t e d to be a funct ion of the g a s - b l a n k e t p r e s s u r e 
(or l iquid subcool ing) and the m a x i m u m d i s p l a c e m e n t of the l iqu id c o l u m n , 
L l , a c c o r d i n g to the r e l a t i o n s h i p 
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F r o m th i s equa t ion i t would be e x p e c t e d tha t a plot of P * / V I J I v e r s u s P 
for a fixed va lue of LQ a-nd a spec i f i c fluid should p r o v i d e a r e a s o n a b l e 
c o r r e l a t i o n of the e x p e r i m e n t a l d a t a . H o w e v e r , p lo ts of P * v e r s u s P o r 
P * v e r s u s l iqu id subcoo l ing a p p e a r e d to c o r r e l a t e the da ta j u s t as a d e 
qua te ly . T h e r e f o r e , i t w a s d e c i d e d tha t the l a t t e r c o r r e l a t i o n would be 
u s e d in th i s p a p e r , e s p e c i a l l y in o r d e r to f ac i l i t a t e c o m p a r i s o n of the 
p r e s e n t da t a wi th tha t of Ref. 2. T h e s e r e s u l t s a r e shown in F i g . 30, w h e r e 
the s t r o n g effect of subcoo l ing (o r , equ iva l en t l y , the g a s - b l a n k e t p r e s s u r e ) 
upon the c o l l a p s e p r e s s u r e s i s i l l u s t r a t e d . 
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D. Inc ip i en t -bo i l i ng S u p e r h e a t s 

Many p a r a m e t e r s a p p e a r 
to have s ign i f ican t effect upon 
the i nc ip i en t -bo i l i ng s u p e r h e a t 
of s o d i u m , ' " for e x a m p l e , the 
p r e s s u r e - t e m p e r a t u r e h i s t o r y 
of an e x p e r i m e n t a l a p p a r a t u s , 
the boi l ing p r e s s u r e , hea t flux, 
l iqu id pu r i t y , d i s s o l v e d and 
e n t r a i n e d gas con ten t , and l iquid 
ve loc i t y . The effect that has 
r e c e i v e d p e r h a p s the m o s t in 
c o n s i s t e n t and confl ict ing e x 
p e r i m e n t a l ev idence is that of 
the hea t flux. F o r e x a m p l e , 
da ta have b e e n p r e s e n t e d i nd i 
ca t ing that the inc ip ien t s u p e r 
h e a t m a y be d e c r e a s e d , ^ 

i n c r e a s e d o r d e c r e a s e d , " i n c r e a s e d , ' ^ o r unaffected '^ by an i n c r e a s e in 
the h e a t f lux; t h e s e r e s u l t s a r e s u m m a r i z e d in F i g . 31 . In th is s ec t ion , it 
wi l l be d e m o n s t r a t e d tha t i t i s p o s s i b l e tha t v a r i a t i o n s in the hea t flux w e r e 
not r e s p o n s i b l e for the o b s e r v e d c h a n g e s in the s u p e r h e a t ; the mobi l i ty of 
i n e r t g a s b e t w e e n a c t i v e n u c l e a t i o n s i t e s and the l iquid can r e s u l t in the 
o b s e r v e d b e h a v i o r . 

S ince the so lub i l i ty of i n e r t gas in l iquid a lka l i m e t a l s i n c r e a s e s 
wi th i n c r e a s i n g t e m p e r a t u r e , g a s wi l l be l o s t f r o m g a s - and v a p o r - f i l l e d 
n u c l e a t i o n s i t e s on the h e a t e d wal l du r ing the hea t ing p r i o r to and du r ing 
b o i l i n g , and wi l l be ga ined by the s i t e s du r ing the cool ing be tween t e s t s . 
S ince the i n c i p i e n t - b o i l i n g s u p e r h e a t wi l l i n c r e a s e if the amoun t of i n e r t 
g a s in a n u c l e a t i o n s i t e i s d e c r e a s e d a s i nd i ca t ed by the r e l a t i o n be tween 
the p r e s s u r e and s u r f a c e t e n s i o n f o r c e s . 

Fig. 30. Variation of Pressure Rise due to Vapor 
Collapse with Subcooling. ANL Neg. 
No. 113-3271. 
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2a(Tw) cos [e (Tw) l ^ 
Pv(Tw) - P i = ; Pg 

(3) 

it is clear that the gas partial pressure in the s i tes , Pg^, must be maintained 
constant during a sequence of tests or this gas effect may mask other 
phenomena affecting the superheat. This is a difficult experimental r e 
quirement since there is no way to measure the inert gas part ial p ressu re 
in the microscopic nucleation sites directly; thus, the usual procedure is 
to allow a certain length of time between tests to permit the system to 
return to its initial conditions. However, if this time is insufficient to allow 
the cavity-inert gas partial p ressure , Pg^, to reattain its initial value, 
each successive test will be run with a reduced cavity gas p r e s s u r e . This 
causes the incipient-boiling superheat to increase with each test; if some 
other external parameter was varied during these tes t s , the changing 
superheat could be erroneously attributed to that pa ramete r . 
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Fig. 31. Reported Effects of Heat Flux 
upon the Incipient-boiling Super 
heat. ANL Neg. No. 900-105. 

In o r d e r to e x a m i n e t h e s e c o n c e p t s 
e x p e r i m e n t a l l y , t h r e e t ypes of i n c i p i e n t 
poo l -bo i l ing e x p e r i m e n t a l s e q u e n c e s w e r e 
conduc t ed u s ing the p r e s e n t a p p a r a t u s : the 
f i r s t type invo lved no c h a n g e s of e x t e r n a l 
v a r i a b l e s and the i n c i p i e n t s u p e r h e a t v a r i 
a t ion wi th t i m e w a s n o t e d , the s e c o n d 
invo lved a s u c c e s s i v e i n c r e a s e in the h e a t 
flux in e a c h t e s t , and the t h i r d a s u c c e s s i v e 
d e c r e a s e in h e a t flux in e a c h t e s t . The 
r e s u l t s of t h e s e t e s t s a r e s u m m a r i z e d in 
F i g . 32, w h e r e t j . r e f e r s to the l eng th of 
t i m e tha t the s o d i u m w a s f r o z e n p r i o r to 
the s t a r t of t e s t i n g . 

D u r i n g t e s t s in wh ich no e x t e r n a l 
v a r i a b l e s w e r e c h a n g e d (the u p p e r c u r v e s 

in F i g . 32), the inc ip i en t s u p e r h e a t i n c r e a s e d wi th t i m e . The s e c o n d and 
t h i r d t e s t s a l so i n d i c a t e d the s a m e i n c r e a s e of s u p e r h e a t wi th t i m e ; 
h o w e v e r , b e c a u s e of the d i r e c t i o n of s e q u e n t i a l c h a n g e s of h e a t flux, a p 
p a r e n t l y oppos i t e e f fec ts of the h e a t flux upon the i n c i p i e n t s u p e r h e a t 
r e s u l t e d . It i s c l e a r f r o m t h e s e t e s t s tha t the o b s e r v e d c h a n g e s in the 
s u p e r h e a t w e r e not d i r e c t l y c a u s e d by c h a n g e s in the h e a t flux; v a r i a t i o n s 
in the cav i ty i n e r t g a s p r e s s u r e s e e m to p r o v i d e a v e r y p l a u s i b l e e x p l a 
na t i on . The p r e d i c t e d va lue of the s u p e r h e a t wi th Pg,- = 0 for the s e c o n d 
and t h i r d t e s t s us ing the m o d e l of Hol tz '* w a s 97°C, wh ich a g r e e s r e a s o n a b l y 
we l l w i th the a s y m p t o t i c m e a s u r e d v a l u e s . T h e r e f o r e , b a s e d on t h e s e 
c o n c l u s i o n s , p r e v i o u s l y r e p o r t e d h e a t - f l u x ef fec ts upon the i n c i p i e n t s u p e r 
h e a t m u s t be t r e a t e d wi th c o n s i d e r a b l e cau t ion . 

An add i t iona l o b s e r v a t i o n f r o m t h e s e da t a i s tha t the m e a s u r e d 
i nc ip i en t boi l ing wa l l s u p e r h e a t for the f i r s t t e s t ( i . e . , the f i r s t h e a t i n g 
t r a n s i e n t following a p e r i o d of s t e a d y , nonboi l ing hea t ing ) i s u s u a l l y qui te 
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s m a l l , in m a n y c a s e s , z e r o . Th i s 
finding m a y have c o n s i d e r a b l e i m 
p o r t a n c e to r e a c t o r a p p l i c a t i o n s , 
s i nce the r e a c t o r would be e x 
pec t ed to o p e r a t e for a c o n s i d e r a b l e 
l eng th of t i m e a t s t eady s t a t e p r i o r 
to an a p p r o a c h to boi l ing c a u s e d by 
s o m e a c c i d e n t . T h u s , for r e a c t o r 
safe ty a p p l i c a t i o n s , the value of the 
inc ip i en t s u p e r h e a t that i s of p a r a 
moun t i m p o r t a n c e is that which 
o c c u r s following j u s t such a lengthy 
p e r i o d of nonboi l ing . Under the 
cond i t ions of t h e s e t e s t s (e .g . , 
no flow), th i s s u p e r h e a t was qui te 
s m a l l . Al though i t would be qui te 
a t t r a c t i v e to e x t r a p o l a t e th i s f ind
ing i m m e d i a t e l y to a c t u a l L M F B R 
c o n d i t i o n s , one m u s t be a w a r e of 
the d i f f e r ences be tween the se t e s t s 
and those o c c u r r i n g in a r e a c t o r , 
p a r t i c u l a r l y the l ack of flow and 
the f rozen condi t ion of the s o d i u m 
p r i o r to h e a t i n g . The inf luence of 
flow wil l be e x a m i n e d in fu ture 
t e s t s . 

A s u m m a r y of the a s y m p t o t i c i nc ip i en t -bo i l i ng w a l l - s u p e r h e a t da ta 
( i . e . , the v a l u e s of ^T^vj ob t a ined af ter a n u m b e r of p r e l i m i n a r y boi l ing 
r u n s ) i s p r e s e n t e d in F i g . 33 and c o m 
p a r e d to the t h e o r e t i c a l p r e d i c t i o n s of the 
p r e s s u r e - t e m p e r a t u r e h i s t o r y m o d e l . ' * 
Al though a c o n s i d e r a b l e s c a t t e r i s no ted , 
the g e n e r a l t r e n d of the da t a fol lows the 
p r e d i c t e d b e h a v i o r . 

IV. CONCLUSIONS 

In s u m m a r y , the flow p a t t e r n r e 
su l t ing f r o m the v a p o r i z a t i o n of n o n u n i 
f o r m l y s u p e r h e a t e d s o d i u m in a v e r t i c a l 
c h a n n e l h a s b e e n shown to m o s t l i ke ly be 
tha t of a s ing l e bubb le if the i n c i p i e n t -
bo i l ing b u l k - l i q u i d s u p e r h e a t i s g r e a t e r 
than about 10 C . H o w e v e r , it a p p e a r s tha t 
an a s y m m e t r i c r a d i a l t e m p e r a t u r e p r o 
fi le m a y r e s u l t in the vapo r bubble f i l l ing 
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only a portion of the cross section of the channel (as little as 30 to 50/o; as 
opposed to the symmetric case where essentially complete filling has been 
observed. ' " ' As the incipient superheat is increased, this asymmetry effect 
diminishes. For the symmetric bubble (i.e., the channel completely filled 
with vapor except for a thin liquid film on the walls), the vapor growth is 
initially limited by liquid inert ia, but the subsequent growth is strongly 
affected by heat t ransfer . 

The maximum pressure r ise associated with vapor growth is limited 
by the vapor pressure of the superheated liquid, while the p ressu re pulse 
resulting from vapor collapse is reasonably well correla ted by the liquid 
subcooling or, equivalently, the gas-blanket p re s su re . 

The variation of the incipient-boiling superheat with heat flux has 
been shown to be most likely caused by the loss of inert gas from nucleation 
si tes . It has been experimentally demonstrated that the superheat may 
either increase or decrease with an increase in the heat flux, indicating 
that the heat flux is not necessar i ly a controlling parameter . 
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APPENDIX A 

Model of Vapor-slug Growth 

In this model, it is assumed that the vapor grows as a single bubble 
which fills the entire channel c ross section except for a thin liquid film 
on the walls. Vaporization of this liquid film in the high-heat-flux zone is 
assumed to be the pr imary driving factor in the growth of the bubble. The 
transient, one-dimensional momentum equation for the liquid column above 
(or below) the bubble may be written as 

Bu au 1 ap 
^ ^ " ^ = 7 ar + g' (4) 

in which viscous t e rms have been neglected. If this equation is integrated 
over the length of the liquid column (i.e., from x = 0 to x = LQ), assuming 
that the liquid is incompressible , there resul ts 

du 
dt 

P j t ) 

pLo - g . (5) 

where Pv(t) is the vapor pressure in the bubble and Pg is the gas pressure 
at the top of the liquid column. If H(t) is the length of the vapor bubble (or, 
equivalently, in this case , the column displacement), the initial conditions 
on H(t) for the period of slug growth are 

u = -— = 0; H = 0 at t = 0. (6) 

However, in order to integrate Eq. 5, the variation of the bubble 
p ressure P.^ with time must be specified. This is accomplished by relating 
P.y. to the temperature and volume of the vapor phase through an equation 
of s tate, and determining the vapor temperature through the equations of 
energy conservation. 

As a first approximation, it will be assumed that while the vapor 
bubble remains within the high-heat-flux zone, the vaporization of the liquid 
film is sufficiently rapid so as to maintain the bubble pressure at the value 
corresponding to the initial superheated bulk liquid temperature, i .e. , at 
P (T»). As the bubble expands out of this zone into cooler regions, where 
the evaporation rate is much smaller (in fact it can be zero or negative), its 
p re s su re will be allowed to vary according to the ideal gas law. For the 
one-dimensional case studied here , this resul ts in the pressure function 

= P , (T^) , 0< H(t)< Lj^; (7a) 

= P^(T^)Lh/H(t) , H(t) > Lh, (7b) 

where Lh is the length of the high-heat-flux zone. 
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Therefore, for values of t such that H( t )<Lh, Eqs . 5, 6, and 7a 
can be directly solved to yield 

H(t) = (4)[^ PJ^e) - Ps 
- g t < t+. 

pLo 

where 

H(t*) = LJ, 

determines the value of t*. F rom Eq. 8, t* is evaluated as 

2pLoLh 1/2 

LPv(Ti) - Pg - pLo. 

For t > t*, Eqs. 5 and 7b become 

. d^H Pv(Ti)Lh 

(8) 

(9) 

(10) 

df̂  H 
- (P + pgLo); t > t+. (11) 

By suitable manipulations, the first and second integrals of this equation 
can be obtained as 

f^{[^^^']"<..-fe-)*)-} 
1/2 

(12) 

and 

H(t) 
pLo 

£n H(t') 

1/2 

(13) 

This Voltera-type integral equation can then be solved for H(t) by either 
iteration or numerical approximation. The lat ter technique was used in 
this paper. The value of (c as determined from the initial conditions is 

pLo lP^h^^-{kA (14) 
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and the maximum value of dH/dt (occurring at d^H/dt^ = 0) is 

dH 
dt {[ 

^H^vf^i) 
pLo 

in 
^ P v ( T i ) ' 

LpgLo + Pg 
^Pv(T )̂ r 

+ /cf 
p J 

1/2 

(15) 
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APPENDIX B 

Vapor-collapse P r e s s u r e s 

As the vapor slug grows into the cooler upper regions of the channel, 
condensation will occur, ultimately causing the expelled liquid column to 
fall back and impact upon the stationary lower liquid column. The p r e s su re 
r ise resulting from this impact is usually much la rger than that occurring 
during vapor growth, although of a much shorter duration. In order to 
estimate the magnitude of these collapse or impact p r e s s u r e s , as well as 
to determine the parameters affecting their value, a simplified analysis is 
presented here. 

Consider a liquid column of length Lo initially separated from a 
lower, stationary column by the distance Lj . A p ressu re Pg is applied to 
the top of the upper column and the pressure between the two columns is 
zero (corresponding to a completely condensed vapor bubble); thus, the upper 
column will be accelerated toward the lower column according to the relation 

pLof i = Pg+pgLo , (16) 

with the boundary condition 

u = 0 at t = 0. (17) 

Equation 16 has the solution 

\pLo 
+ g t. (18) 

0 / 

The velocity of the column immediately prior to impact (i .e. , after it has 
fallen a distance L j is 

2L (A-y 
1/2 

(19) 

After the impact, the upper part of the liquid column continues to fall, 
conapressing the liquid in the region of the impact position and increasing 
the pressure in this region. The resulting pressure wave then propagates 
upward and downward in the channel with the sonic velocity c. Thus, after 
a time t following impact, a length 2ct of the liquid has been pressur ized to 
some value, P*, and the velocity of the liquid inside this pressur ized length 
is some value v. An equating of the momentum of the mass of liquid, 2pAct, 
that is pressur ized to P* at time t after the impact to the momentum of the 
same mass immediately prior to impact resul ts in 



(2pAct)v = (pAct)u^ + 0 (20) 

V = u^/2. (21) 

Thus, 

(22) 

and the impulse given to the initially stationary lower liquid column is 

P*At = (pAct)v - 0 (23) 

P* = pcv. 

Therefore, the impact p ressu re is just 

P* = pc 
T(P%"^) 

' / 2 

(24) 

(25) 

Referring this analysis to the experiment described in this paper, 
Ll is the maximum column displacement during vapor growth, and P is the 
gas-blanket p r e s su re . The value of Lj will depend upon the initial superheat, 
the gas-blanket p re s su re , the length of the upper liquid column, and the type 
of liquid, so that the impact pressure r ise will be a function of all of these 
var iables , i .e . . 

p * f(AT,P Lo, liquid propert ies) . (26) 

During the experiments reported on in this paper, the temperature of the 
upper liquid column was maintained at a fixed, subcooled value; thus, as 
the gas-blanket p ressure was increased, the saturation temperature would 
increase , resulting in an increase in the subcooling. Therefore, an empir i 
cal correlat ion would be justified using either the gas pressure or the sub
cooling as interchangeable pa ramete r s . 

An application of the equation derived for P* to a number of exper i 
mental tes ts revealed that the measured pressures were smaller than the 
predicted p re s su res by a factor of 3 to 5. This discrepancy is apparently 
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due to several factors, one of which is the assumption of complete vapor 
collapse. Since heating was continued during the collapse, it is likely that 
some vapor was present in the heated zone as the liquid column reentered . 
This vapor presence was verified by pressure measurements of about 0.02 
to 0.08 bar (absolute) during collapse; the p ressure never dropped to zero . 
The effect of the presence of this vapor would be to cushion the impact, i .e . , 
reduce its intensity. Additionally, the frequency of the p re s su re pulses 
(about 1 to 3 kHz) approached the resonant frequency of the p re s su re standoff 
tube (about 4 kHz), resulting in possibly severe e r r o r s in the measured 
pressure peaks. The measurements are thought to be reasonably cor rec t , 
however, since they agree fairly well with those measured independently 
and reported in Ref. 2. 
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APPENDIX C 

Charac ter i s t ics of Boiling Surface 

After the completion of the boiling experiments, the test section 
was cut out of the system and its surface character is t ics examined. 
Photomicrographs of the channel c ross section at several locations are 
shown in Fig. 34. The effects caused by boiling sodium are readily ap
parent by comparing the views of location 1 (untouched by sodium) and 
location 2 (in contact with sodium). No conclusions as to this observation 
are given here , as these photomicrographs are intended only for general 
information. 
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